The realization of quantum field theories on an optical lattice is an important subject toward the quantum simulation. We argue that such efforts would lead to the experimental realizations of quantum black holes. The basic idea is to construct non-gravitational systems which are equivalent to the quantum gravitational systems via the holographic principle. Here the 'equivalence' means that two theories cannot be distinguished even in principle. Therefore, if the holographic principle is true, one can create actual quantum black holes by engineering the non-gravitational systems on an optical lattice. In this presentation, we consider the simplest example: the SachdevYe-Kitaev (SYK) model. We design an experimental scheme for creating the SYK model with use of ultra-cold fermionic atoms such as 6 Li.
Introduction
A successful marriage of quantum mechanics and general relativity -quantum gravity -has been a dream of high energy theorists over decades. In this presentation, we will try to convince you that the efforts in a part of the lattice community -the realization of quantum field theories on an optical lattice -, combined with an idea from superstring theory, can possibly lead to a totally unexpected research subject: the experimental study of quantum gravity.
The key concept from superstring theory, which the majority of the audience may not be familiar with, is holographic principle. Superstring theory has been studied as a promising candidate of the theory of quantum gravity. One of the biggest motivations to study quantum gravity is the evaporation of the black hole due to the quantum effects [1, 2] . The holographic principle [3, 4] claims the equivalence between black holes, and more general quantum gravitational theories, and non-gravitational theories in different spacetime dimensions. The gauge/gravity duality conjecture [5] provides us with explicit examples. For example, maximally supersymmetric matrix quantum mechanics (also known as the Matrix Model of M-theory [6, 7] ), which is believed to describe a black hole in type IIA superstring theory near the 't Hooft large-N limit [8] , has been studied by using Monte Carlo methods starting in [9] , and steady progresses have been reported in LATTICE conferences [10] . The latest results presented by E. Berkowitz in this conference [11] strongly support the correctness of the duality. A generalization with flavors has also been studied recently [12] . (See also [13] for another approach to superstring theory with a lattice method.) Note that this is not just 'analogy' nor 'model'; quantum field theories should be literally equivalent to quantum gravitational systems, which means they are not distinguishable even in principle. More practically, we can regard the non-gravitational systems, which can be formulated nonperturbatively by using lattice, as the nonperturbative formulations of the quantum gravitational systems. By studying the non-gravitational systems, we can learn about quantum gravity (Fig. 1) . This is where the lattice meets quantum gravity. For a recent review on this subject aimed for lattice practitioners, see [14] . Via the holographic principle, quantum gravitational systems can be defined by using nongravitational systems. By studying the latter, for example by the lattice simulation, we can learn about the former.
The other key concept is the quantum simulator on optical lattice (see e.g. [15] ). Quantum simulators have been proposed in order to solve a class of theories to which standard numerical techniques are not feasible. In this approach, the model Hamiltonians are physically realized, by trapping the cold atoms and turning on appropriate interactions by using the lasers and magnetic field. The simulation is an actual experiment. The quantum simulator approach can be useful for QCD and other quantum field theories, in order to study the real-time dynamics, and in order to introduce the baryon chemical potential without being hampered by the sign problem; see e.g. [16, 17] .
The combination of these concepts naturally leads to the idea of the experimental quantum gravity -if field theory duals of quantum gravitational systems can be realized experimentally, that is equivalent to the experimental realization of quantum gravitational systems (Fig. 2) . Of course such quantum field theories are very complicated and it is not easy to actually engineer them at this moment. Recently, however, a very good candidate has been proposed: the Sachdev-Ye-Kitaev (SYK) model [18, 19] . The SYK model is a simple quantum mechanical system consisting of N fermions, which has been proposed as a dual of a black hole in two-dimensional anti de-Sitter space. In this presentation, we show a recipe to realize the SYK model on an optical lattice [20] . For a related proposal, see [21] . The realization of the non-gravitational systems which are dual to the gravitational systems via the holography can lead to the experimental study of quantum gravity.
Sachdev-Ye-Kitaev model
The Sachdev-Ye-Kitaev (SYK) model [18, 19] is a model of N spinless fermions. The Hamiltonian is 1
where indices i, j, k, l run from 1 to N. The creation and annihilation operatorsĉ † i andĉ i satisfy the usual anti-commutation relations
J i j;kl is a complex random coupling constant which satisfies
The bar · stands for the disorder average. The dimensionless combination of the coupling J and temperature T , which is J/T , is a good expansion parameter, and the strong coupling and low temperature are the same. In the following, we take J as the unit of energy. At large-N and strong coupling, the SYK model has striking properties resembling a black hole. Firstly, Sachdev [18] pointed out the agreements of the entropy and several correlation functions. Furthermore, Kitaev [19] has shown that the Lyapunov exponent satisfies the pattern proposed by Maldacena, Shenker and Stanford [22] for quantum theories with dual gravity description. Namely, the Lyapunov exponent takes the value 2πT at strong coupling limit J/T → ∞, while at weaker coupling it is smaller than 2πT . For further progresses, see e.g. [23, 24, 25] .
In order to simplify the experimental realization, we slightly modify the SYK model, by changing the complex random coupling J i j,kl to be real:
6)
The new disorder average is 8) and for {i, j} = {k, l}
The normalization has been chosen so that the energy distribution at large-N coincides with that of the original SYK model. The second term inside {· · · } in (2.9) is absent in the original SYK model. Due to this, each Feynman diagram contains additional terms after disorder average. However they are 1/N-suppressed in general, and hence this modified model agrees with the original model at large-N. In the following, we will consider this 'real' SYK model.
Toward experimental quantum gravity
One of the hardest steps for realizing the SYK model in optical-lattice experiments is the implementation of the all-to-all two-body hopping, because the interactions on lattice systems are intrinsically 'local' in the sense that the motion of the particles is dominated by the nearestneighboring one-body hopping. In order to overcome this difficulty, we consider a coupling of two atoms with n s molecular states, described by the following Hamiltonian with real Gaussian random couplings g s,i j :
By integratingm s out, we obtain the following effective Hamiltonian,
(A similar model has been considered in [26] .) Previously, a similar way of designing a kind of two-body hopping term by means of intermediate two-particle states has been proposed in [27] . Let us take ν 1 = ν 2 = · · · = ν n s ∝ √ n s . When n s is large enough, ∑ s g s,i j g s,kl ν s should become Gaussian except for the diagonal elements (i, j) = (k, l) or (i, j) = (l, k) (note that g 2 s,i j is always positive), because it is simply an n s -step random walk for each set of indices (i, j, k, l). In order to improve the behavior of the diagonal elements, we take n s to be even, and set ν s = + √ n s σ s for even s and ν s = − √ n s σ s for odd s. We take the variance of g s,i j to be σ 2 = σ 2 g , with σ 2 g /σ s = J/(2N) 3/2 . In the following we set σ s = σ g = J/(2N) 3/2 . It is not hard to see that the properties needed in the real-SYK model are satisfied at n s = ∞. We identify ∑ s g s,i j g s,kl ν s defined in this way with
The model (3.2), which is equivalent to the SYK model at n s = ∞, can in principle be created in a system of optical lattices loaded with ultracold gases [20] . In the proposed scheme, we utilize the photoassociation and photodissociation processes that coherently convert two atoms into a bosonic molecule in a certain electronic (or hyperfine), vibrational, and rotational state [28] , and vice versa (Fig. 3) . For details, see [20] . Figure 3 : By introducing laser beams with appropriate frequencies, the photoassociation and photodissociation processes, which can be regarded as the interaction between a molecule and two atoms in (3.1), can be introduced.
Discussions and future directions
In this presentation, we have suggested a path to create a quantum black hole in the laboratory, by experimentally realizing the SYK model. Of course, that we can make a black hole in principle does not mean we can make it immediately. There are many technical challenges in actual experiments, as summarized in [20] . Also, from the theoretical side, it is desirable to simplify the theory. One interesting aspect of the SYK model is that various different theories lead to the same large-N limit. In this presentation, a few examples have been explained. Historically, Sachdev considered another model (Sachdev-Ye model) first, and then it was realized that the SYK model gives the same results. Yet another equivalent model without disorder has been found in [29] . Hopefully, there is a nice form which allows easier experimental implementation. It is also interesting to pursue other theories with dual gravitational interpretations.
